Background: Rates of sepsis/septicemia hospitalization in the US have risen significantly during recent years, and antibiotic resistance and use may contribute to those rates through various mechanisms.
Introduction
Rates of hospitalization with septicemia, sepsis, associated mortality and monetary costs have been rising rapidly during the past decades in the US [1] [2] [3] [4] . While changes in diagnostic practices contributed to the rise in the rates of hospitalization with septicemia/sepsis in the diagnosis [5, 6] , those changes cannot fully explain that rise in hospitalization rates, particularly prior to 2010 [7] . Antibiotic resistance and use may also contribute to the increase in/magnitude of septicemia/sepsis hospitalization rates [8] .
The relation between infections with antibiotic-resistant bacteria and survival for sepsis, including the effect of initially appropriate antibiotic therapy (IIAT) is suggested by a number of studies, e.g. [9, 10] . However, less is known about the relation between levels of antibiotic use, as well as prevalence of antibiotic resistance and rates of hospitalization with septicemia/sepsis. Antimicrobial use and resistance can contribute to the volume of hospitalizations associated with bacterial infections, including sepsis, through several mechanisms. Importantly, antibiotic resistance can facilitate the progression to a severe disease state when infections not cleared by antibiotics prescribed during both the outpatient and the inpatient treatment eventually devolve into sepsis. For example, antibiotic resistance in Enterobacteriaceae, including fluoroquinolone resistance in Escherichia coli (E. coli) was found to be associated with a more severe presentation in urinary tract infections [11, 12] . Additionally, prevalence of fluoroquinolone resistance in E. coli was strongly correlated with rates of septicemia hospitalization in different US states for adults aged 50+y [8] . Antibiotic use and resistance can also contribute to the overall increase in the prevalence of bacterial infections associated with certain pathogens (e.g. the relation between fluoroquinolone use and MRSA infections [13] [14] [15] [16] ), with those infections subsequently leading to severe illness episodes, including sepsis (e.g. [13] [14] [15] [16] [17] [18] [19] [20] ).
Earlier work has shown a relationship, including spatial correlations between the rates of antibiotic consumption and antibiotic resistance, e.g. [21] [22] [23] . At the same time, there is limited information on the relationship between the levels of prescribing for different antibiotic types/classes, and rates of sepsis hospitalization. Moreover, that relationship may be context-specific and affected by various factors such as the use of other antimicrobials and prevalence of cross-resistance, e.g. [24, 25] , local patterns of transmission/acquisition of antibiotic-resistant infections, demographic differences, etc. This study examines the relationship between the rates of prescribing for different antibiotic classes and rates of hospitalization for septicemia/sepsis for population-level data in the US. We use a regression framework to relate the state-specific rates of outpatient prescribing of fluoroquinolones, penicillins, macrolides, and cephalosporins in the US CDC Antibiotic Resistance Patient Safety Atlas data [26] to state-specific rates of hospitalization with septicemia (ICD-9 codes 038.xx present on the discharge diagnosis) in different age groups of adults recorded in the Healthcare Cost and Utilization Project (HCUP) data [27] . We hope that such analyses can lead to further study of the contribution of different antibiotics to the rates of sepsis hospitalization, including the utility of antibiotic stewardship and shift in prescribing from some antibiotics to others in the treatment of certain syndromes for reducing the levels of sepsis hospitalization in the US.
Methods

Data
We used data between 2011-2012 on counts of hospitalization with a septicemia diagnosis (both primary and contributing, [ICD-9] codes 038.xx on the discharge diagnosis) from the State Inpatient Databases of the Healthcare Cost and Utilization Project (HCUP), maintained by the Agency for Healthcare Research and Quality (AHRQ) through an active collaboration [27] . We will henceforth call these hospitalizations septicemia hospitalizations, even though some of them may involve low levels of bloodstream bacterial infection. The database [27] contains hospital discharges from community hospitals in participating states. Forty-two states reported septicemia hospitalization data between 2011-2012 for each of the five adult age groups utilized in our analyses: (18- We extracted data on the annual state-specific per capita rates of outpatient prescribing for four classes of antibiotics: fluoroquinolones, penicillins, macrolides, and cephalosporins in 2011 and 2012 from the US CDC Antibiotic Resistance Patient Safety Atlas [26] . Average annual state-specific outpatient prescribing rates (per 1,000 residents) for each class of antibiotics between 2011-2012 were then estimated as the average for the corresponding rates in 2011 and 2012.
Weekly state-specific population estimates in each age group of adults were obtained by linear interpolation of the annual, July 1 population estimates in [28] . State-specific population in each age group between 2011-2012 was then estimated by averaging the corresponding weekly population estimates. Average population densities for the different states between 2011-2012 were obtained by dividing the average weekly population estimates between 2011-2012 by the state land area [29] . Data on median household income for the different US states between 2011-2012 were extracted from [30] .
Regression model
For each age group of adults, we applied Poisson regression to relate the state-specific outpatient prescribing rates (per 1,000 state residents) for fluoroquinolones, penicillins, macrolides, and cephalosporins between 2011-2012 [26] to the state-specific counts of septicemia hospitalization in the given age group between 2011 and 2012 [27] , adjusting for median household income and population density. Specifically, for each state , let be the state-specific septicemia hospitalization count in the given age group between 2011-2012, be the state-specific population estimate in the given age group between 2011-2012 (used as an offset in the regression model), ! ( = 1, . . ,4) be the state-specific outpatient prescribing rates, per 1,000 state residents, for the four studied classes of antibiotics between 2011-2012, be the median state-specific household income between 2011-2012, and be the state-specific average population density between 2011-2012. Then
Results
State-specific rates of outpatient prescribing of all antibiotics per 100,000 residents in [26] are correlated with the state-specific rates of septicemia hospitalization in each age group of adults in [27] Partitioning the relationship between the rates of prescribing and rates of septicemia hospitalization by antibiotic class is challenging because of the positive correlations between the rates of use of different antimicrobial classes at the state level. Table 1 presents the correlations between the state-specific rates of outpatient prescribing for different classes of antibiotics: fluoroquinolones, penicillins, macrolides, and cephalosporins in [26] . All the correlations in Table 1 [26] , the median household income [29] , and population density to the state-specific septicemia hospitalization counts in different age groups of adults between 2011-2012 [27] . The regression coefficients for the different antibiotic classes estimate the logarithm of the fold increase in septicemia hospitalization rates when the annual rate of outpatient prescribing of the corresponding antibiotic class (per 1,000 residents) increases by 1. The regression coefficients were positive for the rates of prescribing of fluoroquinolones, penicillins, as well as cephalosporins in the analysis for adults aged 18-49y. The regression coefficients were negative for macrolides, and cephalosporins in the analyses for adults aged over 50y -see more on this in the Discussion. The regression coefficients for fluoroquinolones were highest among the four studied antibiotic classes in all age groups. Population density was negatively associated with septicemia rates, while household income was positively associated with septicemia rates in adults aged over 50y, possibly as a result of differences in the practices for coding for septicemia -see Discussion. 10 ,000 for population density) for the different covariates in the model given by eq. 1 for different age groups. The coefficients for the different antibiotic classes estimate the logarithm of the fold increase in septicemia hospitalization rates when the annual rate of outpatient prescribing of the corresponding antibiotic class (per 1,000 residents) increases by 1.
Discussion
While antimicrobial use can contribute to the rates of hospitalization with septicemia and sepsis (see the Introduction), the strength of the relation between antibiotic prescribing rates and rates of septicemia/sepsis hospitalization may vary with antibiotic types/classes and depend on a number of factors including patterns of resistance to different antibiotics. In this study, we examine the relation between the rates of antibiotic prescribing and the rates of septicemia hospitalization in the US context. Univariate analysis shows an association between the state-level rate of outpatient prescribing of any antibiotics, and the rates of sepsis hospitalization in different age groups of adults. Moreover, there are strong correlations between he state-specific rates of prescribing for different classes of antibiotics. Multivariate analyses suggest the association between the state-level rate of outpatient prescribing of certain antibiotics, particularly fluoroquinolones, as well as penicillins and the rates of sepsis hospitalization in different age groups of adults. We note that earlier work has shown a relationship, including spatial correlations between the rates of antibiotic consumption and antibiotic resistance, e.g. [21] [22] [23] . Our findings, to the extent that they reflect causal mechanisms, add an additional aspect to the potential value of outpatient antimicrobial stewardship. Similarly, the different associations found for different antibiotic classes in the multivariate analysis (Table 2) suggest that changing the choice of antibiotics for treating certain syndromes, perhaps to less often-prescribed antibiotic classes, may be beneficial for reducing the rates of sepsis hospitalization. Further studies of various related phenomena, including patterns of resistance to different antibiotics are needed to better understand the potential effect of antibiotic replacement on the rates of sepsis, as suggested in the next two paragraphs. We also note that US states with the lowest population density have some of the lowest rates of septicemia hospitalization, and population density was found to be negatively associated with rates of septicemia in the multivariate analysis. Finally, median household income was positively associated with septicemia hospitalization rates in adults aged over 50y. That association may partly reflect differences in coding practices for septicemia, particularly for older hospitalized adults -see also the penultimate paragraph of the Discussion.
Patterns of resistance to different antibiotics modulate the relation between antibiotic prescribing and the rates of sepsis hospitalization. For example, in the UK, outpatient amoxicillin prescribing rates are high ( [31] , Figure 3.4) , and amoxicillin use may contribute to the prevalence of trimethoprim resistance [22] , with high prevalence of trimethoprim resistance in E. coli-associated urinary tract infections reported in [31] . Another antibiotic relevant to the growth in the rates of E. coli-associated bacteremia in England is amoxicillin-clavulanate (co-amoxiclav). Levels of E. coli and Klebsiellaassociated bacteremia were continuing to rise in England after 2006 while reduction in fluoroquinolone and cephalosporin use was taking place [32, 33, 20] . Amoxicillinclavulanate (co-amoxiclav) prescribing in England increased significantly between 2006-2011 [34] , and incidence of bacteremia with E. coli strains resistant to co-amoxiclav began to increase rapidly after 2006 ( [35] , Figure 4) , with co-amoxiclav resistance in E. coliassociated bacteremia exceeding 40% in 2014 [31] . In the US, for urinary tract infections (UTIs), prevalence of fluoroquinolone and penicillin resistance in E. coli (which is a major source of UTIs) is notably higher than the prevalence of resistance to certain other antimicrobials, including some narrow spectrum antibiotics like nitrofurantoin [25] . Moreover, there is high prevalence of cross-resistance for different pairs of antibiotics in E. coli-associated UTIs [25, 24] . Those findings from the UK and the US suggest that data on resistance patterns for different antibiotics in different bacteria contributing to various syndromes, such as [25, 31, 36] should be part of the considerations behind antibiotic prescribing guidelines. We note that recently FDA has recommended the restriction of fluoroquinolone use for certain conditions (such as uncomplicated urinary tract infections) due to potential adverse effects [37] . Those recommendations may have benefits in terms of reducing the rates of certain severe bacterial infections (e.g. invasive MRSA infections, and C. Difficile infections) due to the role of fluoroquinolone use/resistance in those outcomes --e.g. [13] [14] [15] [16] 20] . Such an effect would be consistent with the UK experience in the reduction of fluoroquinolone/cephalosporin prescribing starting around 2006 [16, 20, 33, 38, 8] . At the same time, more detailed guidelines specifying antibiotics recommended for fluoroquinolone replacement in the treatment of various syndromes should enhance the effect of the recommendations in [37] . We note the recent update in the UK prescribing guidelines for urinary tract infections (UTIs), with nitrofurantoin generally recommended as the first-line option [39] .
There is uncertainty regarding the causal links behind some of the results found in our paper. Reverse causality associated with antibiotic treatment for sepsis is unlikely to have a significant contribution to our results because we are considering the relation between outpatient prescribing rates and septicemia hospitalizations. Prevalence of resistance to penicillins and fluoroquinolones for several key syndromes contributing to sepsis for which penicillins and fluoroquinolones are used as treatment agents is high [25] , which agrees with our findings about the contribution of penicillin and fluoroquinolone prescribing to the rates of septicemia. Prevalence of cephalosporin resistance in Gramnegative infections is generally lower compared to the prevalence of penicillin and fluoroquinolone resistance [25] , which might have contributed to the negative estimates for the coefficient for cephalosporin prescribing rates in older adults (Table 2) . At the same time, prevalence of cephalosporin resistance and the frequency of extendedspectrum beta-lactamase (ESBL) production, including in Gram-negative bacteria is growing [40] , and our results should not be interpreted as supporting an increase in cephalosporin prescribing. Finally, there is uncertainty about our results for macrolide prescribing. The negative estimates for the regression coefficients for the macrolide prescribing rates in Table 2 may partly be the result of confounding, possibly related to prescribing practices in different states. Indeed, macrolide use should potentially contribute to the rates of sepsis as macrolides are commonly prescribed for the treatment of certain syndromes that are major causes of sepsis, notably respiratory diseases, both chronic [41] and acute, including pneumonia [42] . On the other hand, macrolides are used relatively infrequently in the treatment of urinary tract and gastrointestinal infections. A UK study found that for a high proportion of Gram-negative bacteremia, the main foci of infection were either urinary tract or abdomen/biliary tract [43] . Such infections are expected to take some time to devolve into bacteremia, and failure of the initial antibiotic treatment is likely a contributing factor for progression to bacteremia, suggesting the importance of antibiotics prescribed for those infections. Overall, the potential benefits of antibiotic stewardship for fluoroquinolones, as well as for penicillins may be the most important findings of this paper, while the possibility of changing the rates of macrolide prescribing and the consequences for both the rates and the severity of septicemia/sepsis hospitalizations require further investigation.
Our study has some additional limitations. While the HCUP data utilized in our study generally cover about 97% of all community hospitalizations in the US [27] , state-specific variability in the proportion of septicemia hospitalizations that are covered by the HCUP data is possible. Diagnostic practices for septicemia vary by state. It is uncertain whether states with higher antibiotic prescribing rates have more inclusive criteria for a septicemia diagnosis (boosting the association between antibiotic prescribing rates and septicemia hospitalization rates), or vice versa. For example, California has low antibiotic prescribing rates [44] and apparently more inclusive criteria for a septicemia/sepsis diagnosis that translate into lower case fatality rates for such hospitalizations compared to the national average, e.g. [45] . On the other hand, some of the states with low antibiotic prescribing rates, possibly outside the Northeastern US [46] , may have more strict criteria for a septicemia/sepsis diagnosis compared to the national average. Data on antibiotic prescribing in the whole population [26] was used in the regression model for which the outcomes were age-specific counts of septicemia hospitalization [27] . We expect that those sources of noise/incompatibility should generally introduce noise into the regression model, reducing precision rather than creating spurious associations. Finally, there is uncertainty regarding the causal links behind some of the results in this paper, as explained in the previous paragraph.
We believe that despite those limitations, our findings indicate a possible causal association between the use different antibiotics, particularly fluoroquinolones, as well as penicillins, and the rates of sepsis hospitalization, suggesting the potential benefits of antibiotic stewardship. Our results also suggest that the relative share of the use of different antibiotics in the treatment of various syndromes may affect the rates of sepsis hospitalization, supporting the potential utility of replacement of some of the use of certain antibiotics, particularly fluoroquinolones, by administration of other antimicrobials. We hope that this population-level study would lead to further investigations of the relation between antibiotic prescribing practices and the rates of sepsis hospitalization in different contexts. Finally, we believe that a comprehensive, longterm approach for controlling the rates of severe outcomes associated with bacterial infections, including sepsis should include not only the adoption of appropriate antibiotic prescribing practices but also the introduction of new antibiotics [47] .
